70-130 mg/dL (ie, 3.9-7.2 mmol/L), and peak postprandial capillary plasma glucose <180 mg/dL (ie, <10.0 mmol/L).
According to these widespread recommendations, the current diagnostic and prognostic strategies in diabetes are strongly based on two historical tests, plasma (or capillary) glucose and HbA1c. Both these measures are not foolproof. 3 FPG is highly vulnerable to a number of preanalytical variables including recent food ingestion, sample storage, high within-subject biological variability, acute stress and diurnal variations, common drugs which influence glucose metabolism such as corticosteroids, fibrates, cyclosporine, betablockers, sulfamethoxazole, thiazide diuretics, and thyroid hormones, among others. 4 With regard HbA1c, well-recognized drawbacks include a lower diagnostic performance in specific populations such as pregnant women, the elderly and non-Hispanic blacks, the risk of overdiagnosing diabetes in the presence of iron deficiency anemia (ie, hemoglobin level lower than 130 g/L in males and 120 g/L in females, respectively), 4 and in subjects genetically predisposed to hyperglycation, 5 the uncertain significance of this measure in subjects with increased red blood cell turnover (eg, hemolytic anemia, major blood loss, athletes), end-stage renal disease or heavy alcohol consumption, the interference from hemoglobin variants, potentially larger analytical imprecision when not using high pressure liquid chromatography (HPLC), and the higher costs compared to glucose measurement. 6 In particular, genetic variants such as hemoglobin S and C traits or elevated fetal hemoglobin along with chemically modified derivatives of hemoglobin (eg, carbamylated hemoglobin in patients with impaired renal function) can substantially reduce the accuracy of HbA1c measurements. The bias is mainly dependent on the specific hemoglobin variant and method used for measuring HbA1c. 6 Interestingly, the ADA has acknowledged that in patients in whom HbA1c and blood glucose are unreliable (especially those with hemoglobinopathies, altered red cell turnover or impaired renal function), the assessment of other indices of chronic glycemia may be advisable, although their relation with average glucose and prognosis remains uncertain. 2 These alternative measures essentially include fructosamine and glycated albumin (GA). As such, the aim of this article is to provide an overview of the molecular and biological properties of these emerging biomarkers, along with a succinct description of the main studies that have investigated the role of fructosamine and GA in diabetes.
Biochemistry and Biology of Fructosamine and Glycated Albumin
Human serum albumin is the most abundant extracellular protein in plasma, accounting for 60-70% of total serum proteins. It is a globular protein with a molecular mass of 67 KDa and a serum half-life of approximately 20 days. The protein consists of 585 amino acids residues organized in a single polypeptide chain stabilized by 17 disulphide bridges and comprising 3 homologous domains (I, II, and III) assembled to form a heartshaped molecule. Each domain is further organized into 2 subdomains (A and B), which share analogous structural motifs. 7 The maintenance of osmotic pressure is the major function of albumin. Besides its role as a protein reservoir, a third function is attributable to the ability to bind, stabilize and transport metabolic products, regulatory mediators, nutrients, ions, and other proteins. In addition, human serum albumin interacts with lipid metabolism (ie, free fatty acids are transported in the blood bound to albumin), sequesters endogenous or exogenous toxins, and acts as a putative antioxidant compound. 8 Because of its high sensitivity to glycation, the interest in this multifunctional protein has increased exponentially over the last decade, as a biomarker of hyperglycemia. Glycation is a nonenzymatic process, also known as Maillard reaction, in which glucose and other sugars react spontaneously with free amino terminal residues of serum proteins, specifically lysine and arginine. 9 Initially, the condensation of the free aldehyde group of the carbohydrate in its open (acyclic) form with the N-terminal amino acid of the protein forms a reversible Schiff base product, the aldimine intermediate. This product may be reconverted to glucose and protein or undergo an Amadori rearrangement to form a fructosamine derivative by a stable, though slightly reversible, ketoamine linkage ( Figure 1 ). The term "fructosamine," therefore, typically refers to all ketoamine linkages that result from glycation of serum proteins.
Because albumin is the most abundant of serum protein, fructosamine is predominantly a measure of GA, although other circulating proteins such as glycated lipoproteins and glycated globulins may contribute to determine the total concentration of fructosamine. Both fructosamine and GA levels increase in states of abnormally high glucose concentrations such as diabetes, and can hence be used for assessing glucose control over a short to intermediate time frame. With respect to hemoglobin, whose life span in red blood cells is of approximately 90-120 days, nonimmunoglobulin serum proteins have a much lower half-life, approximately 14-21 days. 10 This implicitly means that while HbA1c provides a long-term record of glycemic control (ie, over a period of 2-3 months), the measurement of fructosamine or GA provides information on glucose control mostly limited to the previous 2 weeks. 10 Another important difference with HbA1c is the rate of nonenzymatic glycation of albumin, which is approximately 9-to 10-fold higher than that of human hemoglobin. 11, 12 As a consequence of the greater susceptibility to glycation of albumin and other plasma proteins compared to intracellular proteins such as hemoglobin, the blood levels of GA exhibit a broader fluctuation than those of HbA1c, thus allowing an earlier detection of rapid changes of blood glucose. 12 Accordingly, the measurement of fructosamine and GA seems useful not only as an alternative index of glycemic control in conditions in which HbA1c is unreliable, but also for identifying impaired control of blood glucose before any noticeable changes in HbA1c may occur, 10, 13 as well as for monitoring diabetics with fluctuating and/or poorly controlled diabetes. 14 A number of methods have been developed for the assessment of fructosamine in serum and plasma. Colorimetricbased assays are indeed the most widely used and those better standardized, and typically exploit the unique property of fructosamine to be a reducing agent under alkaline conditions. The first technique, developed in 1983, was based on the reduction of the dye nitroblue tetrazolium (NBT) to formazane. The rate of formazane formation, which is directly proportional to the fructosamine concentration, can then be monitored with spectrophotometric technique. 15 The test has been considerably improved in 1990, by addition of a nonionic detergent containing uricase which eliminated the interference from uric acid and polylysine, thus allowing a more accurate and sensitive measurement. 16 The modified assay is currently available and broadly used in clinical laboratories. Although rapid, technically easy, inexpensive, and available for automation, the method is however affected by changes in ambient temperature and remains poorly standardized. Moreover, due to the technical nature of assay, all molecules with reducing activity such as bilirubin and vitamins may interfere in the measurement, thus biasing test results especially when present in large concentrations.
The concentration of GA can be directly measured by several methods, including boronate affinity chromatography, ion exchange chromatography, high performance liquid chromatography and immunoassays (eg, enzyme-linked immunosorbent assays or radioimmunoassays). A number of alternative methods have been developed, including Raman spectroscopy, 17 refractive index measurements, 18 capillary electrophoresis, 19 and other electrophoretic techniques, 20 but their usefulness in clinical practice has been challenged by requirements for dedicated instrumentation and poor analytical performance. Recently, a user-friendly, highly accurate and automated enzymatic assay (Lucica GA-L kit, Asahi Kasei Pharma, Tokyo, Japan) has been developed. 21 The method is based on initial elimination of endogenous glycated amino acids and peroxide by a ketoamine oxidase, which is then followed by a peroxidase reaction. 22 GA is then hydrolyzed by an albumin-specific proteinase and the products of this reaction are oxidized by ketoamine oxidase. The derived hydrogen peroxide is then measured quantitatively by a colorimetric method. The albumin concentration is concurrently measured with the bromocresol purple technique. The final result is expressed as ratio of glycated to total albumin. The assay can be implemented on a large number of automated clinical chemistry analyzers, and offers optimal analytical performances in term of linearity, recovery and precision. 23, 24 It is also noteworthy that the preliminary purification step enhances the specificity of GA assessment and makes it less vulnerable to interference from endogenous glycated amino acids. 22 With respect to the NBT method used for fructosamine quantification, the GA enzymatic assay is better standardized and more precise, 24 and is not influenced by the concentration of bilirubin in the specimen.
Some physiological and pathological conditions can significantly influence the metabolism of both fructosamine and GA. In brief, all those clinical conditions that affect protein metabolism potentially influence the concentrations of glycated proteins. In particular, the blood levels of fructosamine and GA may be modified in patients with protein losing states such as nephrotic syndrome, diminished protein production (ie, hepatic cirrhosis) and thyroid disease. 25 However, GA levels can be presented as a ratio (ie, percentage) of total albumin, while fructosamine levels are not generally corrected for albumin or total protein concentration. Thus, physiologic or pathologic conditions linked to hypoproteinemia (ie, pregnancy or malnutrition) are more likely to affect the concentration of fructosamine. Another disadvantage of fructosamine is that its concentration is considerably influenced by the levels of immunoglobulins), especially IgA, which are present in abnormal concentration in a broad range of clinical conditions. 26 When tested with the above mentioned reference methods, fructosamine and GA were found to be highly correlated (ie, r = .86). 27 Nevertheless, given the higher specificity and accuracy, GA testing is currently preferred over that of fructosamine.
Clinical Studies About Glycated Albumin and Fructosamine

Glycated Albumin and Fructosamine for Diabetes Screening and Diagnosis
Despite the unquestionable utility of HbA1c in diabetes mellitus, several studies have highlighted a number of limitations in patients affected by microvascular and macrovascular complications, as well as in special patient populations. In these conditions the use of alternative markers may overcome the drawbacks of HbA1c, by providing additional information about shorter-term glycemic control. 28 In particular, the measurement of fructosamine and GA has been proposed to improve diagnosis and monitoring of diabetes, alone or in combination with HbA1c. [29] [30] [31] Moreover, since both fructosamine and GA are associated with the future risk of diabetes independent of FPG and HbA1c, 32, 33 they have also been proposed in diabetes risk prediction, especially in subjects with prediabetes. 34 Shima et al used HbA1c, fructosamine, and GA to screen for diabetes in 302 adults, 35 and concluded that the plasma levels of GA and HbA1c, but not fructosamine, could efficiently identify subjects at risk of diabetes. In a community-based Japanese population study including 1575 subjects, Furusyo et al reported that GA was useful for screening diabetes in the general population. A GA cutoff of >15.5% showed acceptable diagnostic performance for identifying early-phase diabetes (0.91 area under the curve [AUC], 0.83 sensitivity, and 0.83 specificity). 36 Li and colleagues obtained similar results in the screening of 1480 Chinese outpatients. 37 Serum GA exhibited an overall acceptable diagnostic performance (AUC of 0.88), and a level ≥17.1% was identified as the most efficient threshold for performing confirmatory OGTTs. In the Atherosclerosis Risk in Communities (ARIC) Study including 1600 participants (227 with a history of diabetes and 1323 without), Selvin et al also showed that GA and fructosamine were strongly associated with the subsequent risk of diabetes. 38 In particular, diabetic patients in the highest tertile of GA exhibited an odds ratio (OR) of 3.9 and 9.3 for developing albuminuria and retinopathy compared to those in the lowest tertile. Similarly, diabetic patients in the highest tertile of fructosamine exhibited an OR of 5.9 and 6.3 for developing albuminuria and retinopathy compared to those in the lowest tertile. In a following community-based population cross-sectional study including 1211 subjects, Yang et al investigated the role of GA for predicting undiagnosed diabetes, 39 and found that the AUC of this biomarker was virtually identical to that of FPG (0.86 versus 0.88). A cutoff of 15.7% exhibited 0.73 sensitivity and 0.80 specificity for diagnosing diabetes. In a cross-sectional and longitudinal study including 10 987 subjects, Malmström and colleagues showed that fructosamine was effective in discriminating subjects with and without diabetes (AUC, 0.95), displaying 0.61 sensitivity and 0.97 specificity at a threshold level of 2.5 mmol/L ( 
Glycated Albumin and Fructosamine in Therapeutic Monitoring of Diabetes
As highlighted in a previous part of this article, the level of GA is strongly dependent on recent changes of blood glucose, but also reflects very rapid variations that cannot be accurately identified measuring blood glucose. 41 The concentration of GA also decreases more rapidly than that of HbA1c during intensive insulin therapy, so that it can be of value for monitoring glycemic control during treatment with hypoglycemic agents and insulin. 42, 43 Moreover, continuous glucose measurements were more tightly correlated to GA compared to HbA1c. 44, 45 Since fructosamine reflects the average levels of blood glucose during the former 1 to 3 weeks, fructosamine would also expectedly mirror a poorly controlled glucose metabolism better than HbA1c. 40, 46, 47 Lindsey et al investigated fructosamine and HbA1c in a prospective, randomized, multicenter, controlled trial including 72 diabetic patients, 48 and showed that the combination of weekly fructosamine testing and daily blood glucose monitoring were no better than daily glucose monitoring alone. Subsequent studies demonstrated the utility of fructosamine and GA in diabetic patients who required tighter control, or in patients with conditions that rendered HbA1c testing unreliable such as gestational diabetes mellitus, postprandial hyperglycemia or gastric resection. [49] [50] [51] Pu et al also studied 320 consecutive patients with type 2 diabetes, 52 and showed that GA level was a significant predictor of coronary artery disease, exhibiting a diagnostic performance that exceeded that of HbA1c (AUC, 0.62 vs 0.53).
Glycated Albumin and Fructosamine in Diabetic Patients Affected by Chronic Kidney Disease
The anemias associated with chronic kidney disease (CKD) are usually accompanied by increased red cell turnover. Patients with CKD are frequently treated with iron and/or erythropoietin therapy or blood transfusion, so that the measurement of HbA1c might be unreliable. [53] [54] [55] [56] Since GA is not influenced by anemia and associated treatments, GA is now considered a superior index of glycemic control in patients on predialysis or dialysis. 57 Peacock et al measured GA and HbA1c in 307 diabetic subjects (258 on hemodialysis and 49 without overt renal disease), 58 and showed that the dialysis status had a substantial impact on HbA1c levels, but not on GA concentration. HbA1c levels significantly underestimated glycemic control in diabetic hemodialysis patients, whereas GA more accurately reflected glucose homeostasis. Interestingly, Chen et al reported that the estimated average glucose calculated from HbA1c and fructosamine substantially underestimated the mean blood glucose levels in patients with CKD stages 3-4. 59 Accordingly, Freedman et al also showed that HbA1c was inversely associated with glomerular filtration rate (GFR) in patients with CKD disease stages 3 and 4, whereas GA was not significantly associated with GFR (r = -.08, P = .24). 60 These findings were supported by Sany et al, who studied 50 hemodialyzed patients (25 with diabetes), 61 and concluded that classification of glycemic control into quartiles of GA better reflected glycemic control than HbA1c. It was also shown that GA, but not HbA1c, is predictive of mortality and hospitalization in dialysis patients with diabetes, 56 and that GA levels ≥29% are strongly predictive of cardiovascular death in diabetic patients undergoing hemodialysis (hazard ratio [HR], 2.97, P = .038). 54 In a national prospective cohort study including 503 participants with a median follow-up of 3.5 years, Shafi et al demonstrated that an increased value of serum GA is significant a risk factor for all-cause mortality (HR, 1.40; 95% CI, 1.09-1.80), cardiovascular death (HR, 1.55; 95% CI, 1.09-2.21) and sepsis (HR, 1.39; 95% CI, 0.94-2.06). 62 Unlike GA, a large number of clinical trials have reported poor correlations between fructosamine and glycemic control in patients with renal failure. Nunoi et al 63 and Morgan and colleagues 64 demonstrated that fructosamine is not a reliable marker of medium-term integrated blood glucose in diabetic patients with CKD. In a study of 23 diabetic hemodialysis patients, Joy et al 65 showed that fructosamine was not significantly associated with long-term glycemic control in diabetic patients receiving hemodialysis (r = .345, P = .11).
Glycated Albumin and Fructosamine in Gestational Diabetes Mellitus
In pregnancy, HbA1c exhibits biphasic changes, decreasing between the first and second trimester and increasing in the third. 66 This pattern has been attributed to decreased blood glucose in the first trimester, which is then followed by a relative iron deficiency. To reduce adverse maternal and fetal outcomes, 67 the measurement of GA or fructosamine offers advantages over HbA1c in gestational diabetes mellitus.
Unlike HbA1c, GA is not influenced by the iron deficiency of pregnancy, so GA better reflects average glucose. 68, 69 Interestingly, Pan et al measured HbA1c and GA in a cross-sectional and hospital-based study of 713 pregnant Chinese women with an abnormal 50-g oral glucose-screening test, 70 and reported that GA was independently associated with 0-and 120-min blood glucose.
As in other clinical settings, mixed evidence has been reported on the utility of fructosamine in screening and monitoring of gestational diabetes mellitus. Khan et al measured FPG and serum fructosamine in 165 pregnant women, 71 and found that FPG and fructosamine could identify high-risk individuals to be screened with the OGTT avoiding unnecessary glucose challenges. At variance with these findings, Li et al measured fructosamine in 161 pregnant women, 72 and reported that this biomarker may be useful for identifying patients at higher risk of abnormal glucose tolerance, but could not be used to predict gestational diabetes mellitus in early pregnancy due to the poor correlations with the outcome of the OGTT.
Serum fructosamine levels are correlated with maternal and gestational age and this complicates fructosamine utility for screening or diagnosing diabetic pregnancy, 73, 74 so that specific reference ranges should be established throughout pregnancy to increase its diagnostic efficiency.
Conclusions
An early diagnosis of diabetes and a strict glucose control are crucial for preventing or delaying the onset of serious, even life-threatening complications. Although HbA1c remains the standard for diagnosing diabetes and glycemic monitoring, 2 emerging evidence attests that additional biomarkers such as fructosamine and GA are becoming HbA1c surrogates, especially in select patients, in whom the measurement of HbA1c may be biased or even unreliable. This especially include patients with rapid changes of glucose homeostasis and larger glycemic excursions (ie, temporarily high blood glucose spikes), red blood cell disorders and CKD. The diagnostic efficiency of GA seems superior to that of fructosamine over a broad range of clinical settings (Table 1) , and is attributable to the fact that the fructosamine reflects a total concentration of glycated serum proteins, which can fluctuate in response to a variety of systemic disorders. Conversely, GA can be expressed as the ratio of GA to total albumin, thus minimizing the interference due to the concentrations of glycated and nonglycated albumin. The current method for measuring GA is also better standardized and less susceptible to preanalytical variables than fructosamine. Additional advantages of GA over HbA1c are represented by its lower cost and the portability of commercially available reagents to conventional laboratory instrumentation. Although further studies are needed to definitely establish whether GA may complement (or even replace) conventional measures of glycemic status such as HbA1c, it is undeniable that GA is already helping the clinical management of patients with diabetes in whom HbA1C values are unreliable.
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